This paper presents a time-frequency analysis of the vibration of transformer under direct current (DC) bias through Hilbert-Huang transform (HHT). First, the theory of DC bias for the transformer was analyzed. Next, the empirical mode decomposition (EMD) process, which is the key in HHT, was introduced. The results of EMD, namely, intrinsic mode functions (IMFs), were calculated and summed by Hilbert transform(HT) to obtain time-dependent series in a 2D time-frequency domain. Lastly, a test system of vibration measurement for the transformer was set up. Three direction (x, y, and z axes) components of core vibration were measured. Decomposition of EMD and HHT spectra showed that vibration strength increased, and odd harmonics were produced with DC bias. Results indicated that HHT is a viable signal processing tool for transformer health monitoring.
Introduction
In the coming years, an increasing number of UHVDC systems are expected to be built all over the world. According to the latest research report of Markets and Markets, the profits generated by the UHVDC market will reach USD 13.54 billion in 2020, and the compound growth rate during the growth period is predicted to exceed 17 %. However, when UHVDC systems are operated under monopole mode, DC bias occurs in transformers with neutral grounding points (Baguley & Madawala 2008 , DANG et al. 2009 , YANG et al. 2012 . DC bias causes magnetic saturation and induces overheating and vibration (Franz et al. 2014) , which deteriorate the safety mechanisms of transformers and shorten their life spans (Bai et al. 2010 , Li et al. 2013 .
Most existing studies only focus on the analysis of the exciting current of transformers under DC bias conditions and the identification of exciting current distortions. Hence, extensive research on the external performance characteristics of transformers under DC bias is lacking (Monteiro et al. 2012 ).
How to cite: Liu, X., Yang, Y., Yang, F., & Shi, Q. (2016) . Time-frequency analysis of DC bias vibration of transformer core on the basis of Hilbert-Huang transform. Ingeniería e Investigación, 36(1) , 90-97. DOI: http://dx.doi.org/10. 15446/ing.investig.v36n1.51580. Vibration increase is a key factor in detecting whether a transformer works normally or not. Thus, the vibration signal must be analyzed through signal processing. Traditional time-frequency analyses, such as wavelet and short-time Fourier transform (STFT), have many limitations when applied to non-linear signals (Andrade et al. 2014) . By contrast, Hilbert-Huang transform (HHT) is not subject to other uncertainty limitations for time and frequency resolutions. HHT is a completely self-adapting approach for the identification of damage time instant and location in civil and mechanical structures (Andrade et al. 2004 , Liu et al. 2006 , Messina & Vittal 2005 , Sanchez-Gasca et al. 2005 , Ruiz-Vega et al. 2005 .
In this study, a transformer with DC bias was analyzed. Transformer vibration is obviously reinforced when DC current flows into the transformer neutral grounding. A test system of vibration measurement for the transformer was then set up. Three direction (x, y, and z axes) components of core vibration were measured. The results of empirical mode decomposition (EMD) and HHT spectrum decomposition showed that vibration strength increased, and odd harmonics (particularly 50, 150, and 250 Hz) were produced with DC bias. Observations from the marginal spectra implied that the 50 Hz component appeared, the 50 Hz component increased twofold in y-direction, and the 150 Hz component increased threefold in z-direction. DC bias affected the transformer seriously and may influence power quality or system safety in the long-term processes.
Transformer DC Bias
DC magnetic biasing is caused by DC magnetic flow in the transformer iron core; it causes asymmetric saturation of a positive or negative half cycle and a series of magnetic effects. Geomagnetic storm and a large current of DC transmission system earth electrode are the main reasons for this phenomenon. When a high-voltage direct current earth electrode pours DC current in single pole operation, potential distribution is formed in the nearby ground; through the earth, the current flows to contra variant substation DC electrode (Huang et al. 2007 ). If a transformer exists near the DC electrode neutral ground, a part of the current will flow into the transformer through the grounding neutral point, which is a loop formed with an alternating current (AC) electric network. Consequently, exciting current combines DC current with AC field current, as shown in Figure 1 , thereby causing the magnetization curve to go into the saturation region (Kang et al. 2011 , Lee et al. 2011 . This phenomenon causes DC magnetic biasing. Figure 2 shows the magnetizing current resulting from the saturation of a transformer by a DC bias. The figure presents the magnetization curve and the flux and magnetizing current curves for cases with and without DC current. The magnetizing current is plotted from the flux and magnetization curve. (a) is the flux curve, (b) is the exciting curve of the transformer, and (c) is the curve of exciting current.
The distortion of exciting current with the DC current component is caused by the non-linearity of the transformer magnetization curve. In this condition, the transformer core is in the saturated state. The magnitude of exciting current is related to DC current size besides transformer design.
HHT Processing

Empirical Mode Decomposition
EMD is a multiresolution decomposition way that disposes the nonstationary or nonlinear signal into many IMFs that originated from an analyzed signal itself (Huang et al. 1998 , Huang et al. 2003 , Yan & Gao 2007 . But the IMF must satisfy two conditions. 1. The number of extrema and the number of zero-crossings are either equal to each other or differ by at most one.
2. At any point, the mean value between the envelope defined by local maxima and the envelope defined by the local minima is zero.
The EMD could be described and expressed into IMFs by the process following:
1. For the analyzed signal x(t), find the all local maximums and minimums, then fit them into upper envelope x max (t) and lower envelope x min (t) by cubic spline.
2. To get the envelope mean of upper and lower envelopes:
3. Compute the difference between x(t) and m 1 (t), resulting in first component h 1 (t):
4. To judge the result h 1 (t), if it accords with the two conditions of IMF, record c 1 (t)=h 1 (t). and it is the first IMF component. Otherwise, treat h 1 (t) as the analyzed signal and iteration on h 1 (t) by steps 1-4.
5.
Through the k times iteration, the difference between the signal and the mean envelope which is defined as h 1k (t):
where m 1k (t) is the mean value of envelope after k times iteration and h 1(k-1) (t) is the difference between signal and mean of iteration. If the h 1k (t) satisfies the IMF component, recorded as c 1 (t) = h 1k (t).
6. The residue is expressed as:
Then, the r 1 (t) can be regarded as a new signal, iterate repeatedly to get the other IMFs according to steps 1-5 and obtain c n (t) and a residue r n (t).
Therefore, the signal x(t) can be written as:
Where c j (t) is the j th IMF, r n (t) is the residue of signal decomposition.
However, it is impossible that each signal satisfies the two IMF conditions perfectly. The iteration stop condition must be considered as:
Where SD is the standard deviation, and can usually be controlled between 0.2 and 0.3. Then, it is the complete express of EMD process. the signal can be reconstructed by Equation (6).
Hilbert Transform
The HHT technique is based on the instantaneous frequency calculation. Generally, all of the analytic signals can be expressed by the sum of the real part x(t) and the imaginary part y(t). It is necessary to construct an analytic signal as Equation (8). Where a(t) is the instantaneous amplitude, and ϑ(t) is the instantaneous phase. The imaginary part of the analytic signal is created by Hilbert transform of the signal. Thus, the Hilbert transform is expressed as Equation (9).
Where H[·] presents the Hilbert transform operation. And the imaginary part y(t) is the result of H[x(t)]. Hence, Equation (8) can written by means of the polar coordinate system.
Thereby, the instantaneous frequency can be given as
The Hilbert Spectrum
Each IMF component was obtained by EMD and recorded as c i (t). After performing them according to HT, the analyzed signal x(t) could be expressed as the real part of the analytic signal shown in Equation (12).
The signal is thus presented by time-frequency distribution. The underlying HHT of the signal is mathematically defined as:
HHT t, f
where HHT j (t,f) presents the time-frequency distribution. It is computed by j th IMF from the aforementioned Equation (8)- (11). The a j (t,f j ) consists of amplitude a j (t) and instantaneous frequency f j (t) of each IMF component.
The HHT spectrum is an illustration of vibration signal. It focuses on the time-dependency of the frequency components and signal energy. Thus, it is more efficient for nonstaitionary or nonlinear signal.
Experiment and analysis of vibration
Test platform
A test system was used in the vibration analysis of the transformer core. The piezoelectricity acceleration sensors were used to measure the vibration acceleration of the transformer core. Its performance is as shown in Table 1 . The measured signal was stored in an acquisition card after amplification and conditioning. An industrial personal computer was then used to analyze the measured signal. The block diagram is shown in Figure 3 . The experimental diagram is shown in Figure 4 .
The data acquisition program was designed to obtain the signals based on LABVIEW software. By means of calculation with MATLAB software, the time-frequency analysis of vibration signals have been realized. 
Experimental data analysis
The transformer studied is a dry, three-phase unit (5 kVA, 50 Hz), as shown in Figure 4 . Table 2 presents the parameters of this transformer. According to experience and the calculation performed, when the magnetic field flows around in core, the magnetic circuit causes the maximum in the top of core limb. Magnetic flux mainly gathers into core limbs, so the vibration of core limbs will be a more accurate reflection of the magnetostriction change. The vibration strength at the sharp point of the core limb (the red point in Figure 5 ) was the most serious. Thus, this point (as the vibration test object) was measured and analyzed. The acceleration waves of the x, y, and z directions were collected to analyze their spectrum, as well as the core with no load and a 2 A DC current. In the vibration test, the transformer worked with rated condition. Then, at the arrival time of 0.18 s, a 2 A DC current was injected into the grounding electrode of the transformer, and DC bias of the transformer was produced. The abnormal vibration caused by DC bias was recorded through the Test platform. Figure 6 shows the vibration signals of x-, y-, and z-direction components at the test point. The wave at 0.18 s changed the jumping. Thus, part I presents vibration under normal work, and part II presents vibration under DC bias. In fact, the abnormal vibration of z-direction influenced by DC bias was more serious than that of other two directions, since the magnetic flux direction mainly focused on z-direction of the magnetic circuit. Therefore, the vibration strength of the signal in z-direction was larger than that in the other two directions. We decomposed the signal of the z-direction component by EMD and obtained the IMFs and residue as shown Figure 7 . The amplitudes of IMF1 and IMF2 were too small, i.e., approximately 10e-3 magnitude.
The main frequency range of IMF1 was approximately 4500 Hz to 5000 Hz, and the main frequency range of IMF2 was approximately 1000 Hz to 2000 Hz. These results indicate interference or noise. IMF3 to IMF9 presented the intrinsic modes of the vibration signal. Figure 7 and Figure 8 show the signal and FFT spectrums of each IMFs and residue in x-direction and y-direction, respectively. There are 10 IMFs in x-direction and 9 IMFs in y-direction. In x-direction and y-direction, the first two IMFs were too small. The main frequency range of IMF1 were located from 1000 Hz to 5000 Hz. And the main frequency range of IMF2 were located from 1000 Hz to 2000 Hz. Both IMF1 and IMF2 expressed the noise model of vibrations.
All three direction results show that EMD filtrated the signal and obtained intrinsic modes from high frequency to low frequency. When DC bias was produced in the transformer, the high-frequency components increased significantly as exhibited by IMF3 and IMF4; IMF5 shows that the amplitude of the mid-frequency components changed larger by DC bias. However, the low-frequency components were decreased with DC bias in later IMFs of three direction vibrations. The residual should be left out of the HHT spectral analysis since it is a monotonic function or a constant and it has no frequency components. Therefore, each mode of vibration should be investigated through IMF performance.
According to Equations (8)-(13), the HHT spectrum of the z-direction vibration signal was generated to observe the time-frequency property intuitively. In Figure 10 , the shade represents the signal energy in decibels. The introduction of a marginal spectrum can be observed from the total amplitude of instantaneous frequency, as shown in Equation (14).
The marginal spectrum was clear and more exact than the Fourier spectrum in reflecting the real frequency of the signal. According to the marginal spectrum, the energy focused on a certain frequency. The marginal spectrum of the z-direction vibration signal is shown in Figure 11 . Figure 11 illustrates the total amplitude of each frequency. When DC bias was produced, the 150 and 250 Hz components occupied a large part of energy. This result is consistent with the result of the HHT spectrum.
The HHT of the other two directions was calculated to analyze the vibration of the core. The EMD processes and IMFs were omitted. Figure 12 shows the HHT spectrum of the x-direction vibration signal. Similar to the condition presented in Figure 8 , DC bias occurred at 18 s. From 0.18 s to 0.36 s, the frequency of 50 Hz increased considerably, and the undulation of instantaneous frequency was more serious than that before 0.18 s. As shown in Figure 13 , in the marginal spectrum, the total amplitude of the 50 Hz component occupied the main part of energy after 0.18 s. This result is consistent with that of HHT. 
Conclusion
The experimental studies conducted on a transformer showed that DC bias can be clearly detected by timedependent amplitudes and instantaneous frequency resulting from HHT. This method can be further applied to the health monitoring of other transformers or equipment.
In this paper, HHT theory was introduced through EMD to obtain IMFs and calculate instantaneous frequency and HH transform. The HHT spectrum was then depicted to analyze the signal property. Thereafter, transformer DC bias theory was investigated. Lastly, the real transformer vibration signal was analyzed through HHT. The results indicated that DC bias leads to an increase in vibration and the generation of odd harmonics, especially vibration in z-direction of the core. The transformer would work abnormally and may affect grid safety if long-term operation with DC bias continues.
